The river mouth morphology changes in the Samegawa river mouth during its recovery following The Great East Japan Tsunami of 2011 was investigated in this study by analyzing the water level data and aerial photo. The aerial photos provide valuable information on the changes. However, their availability is limited. The correlation coefficient and the linear gradient between the water level data in the river and the tidal level were analyzed. The river mouth narrowing, as well as the river mouth opening has been successfully detected. The assessed parameters correspond well with the condition obtained from the aerial photo analysis when available. In addition, these parameters also provide information on the river mouth condition when there are no aerial photo data. The proposed method in this study will provide an efficient way for analyzing and evaluating the morphology changes at a river mouth.
INTRODUCTION
The Great East Japan Tsunami 2011 had caused severe damages to the affected coastal area. The tsunami wave height in some places may reach up to about 40 meters 1) . The tsunami wave has changed the coastal morphology including at the river mouth, especially in sandy area, due to the severe erosion.
Some of the most affected coastal area are located in the Miyagi and Fukushima prefectures. The tsunami wave propagation on land and in river in Sendai plain, Miyagi has been reported in detail 2) . In addition, the assessment of the tsunami impact in Miyagi prefecture based on aerial photo has been conducted 3) . They have found that the shoreline retreated due to severe erosion occurred, especially in sandy area. The land subsidence and erosion has been reported to occur in the northern Sendai coast area 4) . A more detail study on the morphology changes of the river mouth in the Miyagi and Fukushima prefectures had concluded that the river mouth with sand formation suffered greatly from the tsunami 5) . The coastal morphology after the tsunami was highly unstable. After some period, a new balance of the coastal and river mouth condition will be achieved. The new conditions are often different from the pre tsunami condition. The recovery process may create problems. A complete closure of the river mouth occurred in Nanakita River, which required dredging 6) . The aerial photo provides valuable information of these changes. However, the availability of the data is limited and costly.
The river mouth condition may be assessed following the water level in the river relation to the tidal level. The water level in the river mouth is influenced by various other factors such as waves, winds and also the river discharge. However, the river mouth morphology at the entrance is most closely related to the tidal level. This relation has been confirmed by analytical approach 7) , and numerical approach 8),9) . This relation has been successfully employed to investigate river mouth condition in Snowy River Estuary, Australia, by a combination of tidal level data with simple hydrodynamic model 10) .
The Samegawa river mouth was investigated in this study by analyzing the aerial photo of pre-tsunami condition, immediately after the tsunami, and the most recent image. Additionally, water level analysis was conducted to assess the river mouth condition when there were no aerial photos available.
STUDY AREA
The study area is the Samegawa river mouth, Fukushima, Japan as shown in Fig.1 . The river mouth was protected with sand formation. This sand formation was completely eroded due to The Great East Japan Tsunami of 2011. After the tsunami, the recovery process started and the new sand formation was formed. The longshore sediment transport moves from the South to the North.
The Joban Kyodo Power Plant is located nearby. The discharge from the powerplant is separated with the river discharge by a jetty in the left bank of the river mouth, constructed in 1982. Thus, sediment from this side of the river cannot pass. There were no significant damages to this jetty during the tsunami incidence. The analysis requires the acquired images to be in the same coordinate system. The Projected Coordinate System (UTM-WGS`84 Zone 54N) is used in this study. Therefore, all of the images were converted to this coordinate system before extracting the shoreline position. The satellite images were acquired in Geographical Coordinate System (GCS-WGS`84). Thus, rectification process is not required. The acquired satellite images ( Fig.2 (a) , (b) and (d)) were directly projected to the desired coordinate system. However, the aerial photo ( Fig.2 (c) ) contains no geo-reference data. Therefore, the aerial photo was rectified to comply with the coordinate system based on several control point 11) . The accuracy of the satellite images and aerial photo depends on the tidal level. The digitized image accuracy ranges from 5 meters to 20 meters based on the tidal level at the corresponding date when the photos were taken. More details on the accuracy can be found in previous study 12) .
RESULTS AND DISCUSSIONS
The digitized map of the river mouth is shown in Fig.3 . It was found that the sand formation in the river mouth was completely eroded by the tsunami. The river mouth width based on the acquired image on 2005/4/7 was approximately 25 meters which increased to approximately 400 meters after the tsunami incidence (2011/3/12).
The recovery process of the sand formation was mostly supplied from the south of the river mouth due to the existing jetty. The river mouth width was reduced to 200 meters based on the image acquired on 2011/11/1. The river mouth width returned to 25 meters in the acquired image on 2012/2/28. However, the newly formed sand barrier retreated approximately 200 meters from the pre-tsunami formation ( Fig.3 (i) and (ii)).
(2) Water level analysis
The water level measurement and the discharge data in the river are available at the upstream of the river mouth as shown in Fig.1 . The tidal level data is available at the Onahama port. The data were converted to the same datum based on the elevation of the station. Measurements of the water level in the Samegawa River, tidal level, and discharge for the period of 2011/6/1-6/8 and 2012/3/12-3/16 are given in Fig.4 (a) and (b), respectively. Interesting phenomenon can be seen in these figures. It is clear that the tidal level fluctuation is reflected to the water level measurement in the river. Their relation will depend on the river mouth condition and the river discharge. After the tsunami (Fig.4 (a) ), the river mouth was wide open, hence the tidal exchange into the river was not reduced and delayed. However, as the recovery process started and the river mouth was gradually constricted, the effect of the tidal level in the river was reduced and there can be time delayed between the water level in the river and the tidal level at the sea (Fig.4 (b) ii) . Fig.5 shows the hourly relation between the water level in the river and the tidal level. It was found that both data shows good linear relation during low and high tide, after the tsunami up to the end of 2011. However, this relation changes as the river mouth gradually closed causing the water level in the river (η R ) can not closely follow the tidal level (η O ) as shown in Fig.5 (i) ). In this study, the above-mentioned relation is investigated. The correlation coefficient (R) between the water level at the river mouth and the tidal level at sea was calculated, considering the modification of water level variation in the river mouth with the decrease of the cross-section. Additionally, a gradient coefficient (a) is calculated which is defined as the gradient of the linear regression of the water level data following the relation bellow.
where η R is the water level in the Samegawa river mouth, η O is the tidal level in the sea, and b is the constant. It should be noted that during the period of high river discharge, the accuracy may be reduced since the high discharge causes an increase of the water level in the river that may not be reflected in the tidal level variation.
The method has been verified by analysing the river mouth changes in the Nanakita river. The Nanakita river mouth has similar condition with the Samegawa river. Both of their river mouths were located in sandy area with sand formation in front of the river mouth. In addition, more image data were available for the Nanakita river to confirm the relation between the proposed parameters of the correlation coefficient (R) and the linear gradient (a) to the condition of the river mouth. It has been reported that the proposed parameters correlate well with the Nanakita river mouth condition 6) . The recovery process after the tsunami of 2011 caused the Nanakita river mouth blockage that occurs gradually from the beginning of July to August, 2011. A complete river mouth blockage that occurred caused almost no tidal intrusion hence the low value of R and almost no value of a. The Nanakita river mouth was re-opened again after a flood which caused the re-occurrence of tidal exchange in the river hence the increase of a and R value. The verification resume is given in Table 1 .
In this study, analysis was conducted to the water level data during the period of 2011/6/1 to 2012/6/17. However, the tidal level port was not recorded during the period of 2011/6/26 to 2012/3/21. Therefore, the water level data during this period were replaced with the astronomical tide provided by the port. Additionally, the water level measurement device in this river may not accurately record the very low water level due to the nature of the measurement (threshold in Fig.4 (a) and (b), (i)). It was found that the threshold value may be different after a period of high discharge. The slight fluctuation during this low water level does not reflect the actual value. Thus, a 10% fluctuation in this situation is not considered in the analysis.
The linear gradient (a) value in Fig.6 shows significant differences between the analyzed periods. The a values in the period of (1), (2) and (5) are approximately 0.9. During these periods, the river mouth was opened. Therefore, tidal exchange may occur including in low tide which is confirmed by the high value of a. However, the a value for the period (3) is 0.75 and the period (4) is 0.43. During these period, river mouth was constricted hence tidal exchange was restrained. These correspond to the recovery process of sand formation as it was found in the aerial photo. Fig.7 shows a detail daily analysis of each parameter. Here, Q is the average of the hourly discharge in 1 day (Fig.7 (a) ). The daily value of R and a are given in Fig.7 (b) and (c), respectively. Overall, both parameters show similar behavior, which relate to the river mouth condition and discharge. The river mouth was widely open after the tsunami. The wide opening of the river mouth causes almost no lag as well as no reduction in the tidal response in the river, even during low tide. Hence, a high value of R and a can be observed. This agrees well with the image analysis for the acquired image on 2011/3/12 ( Fig.2 (b) ). Their value decreased gradually, starting from September 2011 until May 2012, with a rapid decrease started in January 2012. This agrees well with the aerial photo (Fig.2 (c) and (d) ). However, the minimum value of these parameters during the analyzed period for the Samegawa River was still high as compared to the value for the Nanakita River. Thus, there was no full river mouth blockage although the recovery process caused the narrowing of the river mouth as shown in Fig.2 (c) and Fig.2 (d) . The tidal exchange still occurred in the Samegawa River but there can be time lag, reduction, or tidal restrained. The flood in 2012/5/3 re-opened the river mouth. The river mouth was no longer constricted. There was no image to confirm this incidence, however as it has been explained earlier, a wide opening of the river mouth will cause no significant time lag nor amplitude reduction in the tidal exchange even during low tide, causing the high value of R and a. 
CONCLUSIONS
The morphology changes in the Samegawa River mouth was investigated in this study using aerial photo and water level measurement. The aerial photo analysis shows the opening of the river mouth after the tsunami. The river mouth width was greatly increased from 25 meters to 400 meters. The gradual recovery process of the sand formation in front of the river mouth was also detected. The river mouth width was reduced to 200 meters in November 11, 2012 and then to 25 meters in February 28, 2012. In addition, the new sand formation was formed approximately 200 meters upstream of the previous formation.
The tidal exchange behaviors were investigated to assess the river mouth condition where there were no image data available. A wide opening of the river mouth causes no time lag and no reduction of the tidal exchange amplitude, regardless of low tide or high tide. However, the constriction/blockage of the river mouth may cause a time lag between the river water level and the tidal level, as well as tidal exchange restraint during low tide. These phenomenon were observed in the Samegawa river and assessed using the correlation coefficient (R) and the linear gradient coefficient (a).
The assessed parameters correlates well with the satellite image analysis showing a gradual decrease of the parameters from September 2011 to May 2012 that corresponds to the river mouth constriction due the recovery process of the sand formation. The flood in 2012/5/3 re-opened the river mouth. This process caused less obstruction in the tidal exchange, which was confirmed with the increase of a and R value.
This study has shown the assessment of river mouth condition based on aerial photo and water level analysis. In addition, the applicability of water level analysis has helped to assess the river mouth condition when there are no aerial photos data. Therefore, this method will be very useful for assessing the morphology changes in the river mouth.
